We investigate active, electrically pumped coupled-resonator optical waveguides (CROWs) in the form of InP-InGaAsP Fabry-Perot resonator arrays. We discuss the fabrication of these devices and present measurements of the transmission spectra. The signal-to-noise ratio is found to be a strong function of wavelength and degraded rapidly along the resonator chain away from the input. Our results highlight a number of ingredients toward practical implementations loss-compensated and amplifying CROWs.
INTRODUCTION
In Part I of this series of papers, we theoretically explored the effect of gain in coupled resonators [1] . In this paper, we present measurements of the transmission spectra of coupled-resonator optical waveguides (CROWs) in the form of active Fabry-Perot resonator arrays fabricated in InP-InGaAsP semiconductor materials. The gain is supplied through the injection of an electrical current. We have previously developed a theoretical model to analyze these structures using transfer matrices [2] . Our experimental results highlight a number of issues related to noise as well as device termination and excitation described in [1] .
DEVICE FABRICATION
For practical purposes, the properties of CROWs, such as the inter-resonator coupling and optical amplification, should be electrically tunable. To this end, we fabricated CROWs in compound III-V semiconductor ͑InP-InGaAsP͒ materials. A schematic of the devices is shown in Fig. 1 . Each CROW consisted of 46 laterally coupled Fabry-Perot resonators with a relatively weak index contrast of ⌬n / n Ϸ 10 −2 centered under a 100 m wide electrical contact such that 25 resonators were pumped. The resonators consisted of single-mode waveguides that were 3 m wide, and we made devices with various inter-resonator spacings near 1 m. The resonator end mirrors were simply cleaved facets.
The devices were fabricated using a series of aligned electron-beam lithography steps using a Leica EBPG5000 system, wet chemical etching, and metal evaporation. The wafer structure is outlined in Fig. 2 with the active region consisting of four unstrained quantum wells. The wetetch was a two step process wherein we first transferred the pattern to the thin InGaAs layer using a hydrobromic acid ͑HBr͒ etch, and then we used the InGaAs as a mask to etch the InP with hydrochloric acid ͑HCl͒. The InGaAsP acted as an etch stop for the HCl. The waveguides were aligned along the ͓110͔ direction in the InP to obtain straight side-walls. Feature sizes of the order of 100 nm can be chemically etched using this technique [3, 4] . We shall briefly discuss the fabrication process, which is summarized in Fig. 3 .
First, alignment markers were defined using electronbeam lithography in a 2.5 m thick layer of polymethylmethacrylate (PMMA) (950K C10, Microchem, Newton, Massachusetts) and wet-etched into the semiconductor. We immersed the chip in a solution of HBr (48 %):HNO 3 , (68%):H 2 O, with a ratio of 1:1:30 for 5 s; HCl (37%):H 2 O, with a ratio of 4:1 for 30 s; and HBr: HNO 3 :H 2 O, with a ratio 1:1:30 for 45 s to etch into the InGaAsP layers. The resultant markers were approximately 12 m ϫ 12 m and 1 m deep. The markers were spaced on a grid of 1.85 mmϫ 2.5 mm. The PMMA was stripped off using chloroform after the etching.
Subsequently, a 250 nm thick layer of PMMA (495K C4, Microchem) was spun onto the chip and an electron-beam exposure aligned to the markers was performed to define the trenches between the resonator waveguides. After the lithography, the gaps were etched by immersing the chip in HBr: HNO 3 :H 2 O, with a ratio of 1:1:30 for 5 seconds and HCl: H 2 O, with a ratio of 4:1 for 30 seconds.
After removing the residual PMMA, a dilution of methylbutylisoketone (MIBK): flowable oxide 16 (FOx 16, Dow Corning, Midland, Michigan) with a ratio of 1:1.75 was spun onto the chip. The FOx layer filled the trenches and was about 350 nm thick over the unpatterned regions. FOx is a spin-on glass but can also be cured by electronbeam exposure [5] . A second aligned electron-beam exposure of the trenches was then performed. The chip was developed in 2.4% tetramethylammonium hydroxide (TMAH) solution (CD26, Microposit, Marlborough, Massachusetts) for 30 min. The FOx patterns were wider than the trenches by 200 nm and backfilled the trenches. Without this planarization step, the devices failed to achieve laser action.
Next, electrical contacts were deposited using a lift-off process. A 2.5 m thick layer of 1813 resist (Microposit) was spun on and exposed photolithographically. Before development in 2.4% TMAH, the chip was soaked in toluene for 1 min to create a slight undercut profile to assist the lift-off [6] . The p-side contact, Cr/ AuZn/ Au 2 nm/ 6 nm/ 250 nm, was deposited using a thermal evaporator. The chip was then mechanically thinned to about 100 m thick, and the n-side contact, Cr/ AuGe/ Au 2 nm/ 6 nm/ 250 nm, was evaporated. Finally, devices approximately 550 m in length were cleaved from the chip. Figure 4 shows several scanning electron microscope images of the fabricated devices.
MEASUREMENT
We measured the transmission spectrum at each of the coupled resonators for various injection current levels. The measurement setup is shown in Fig. 5 . To measure the devices, we coupled light from a tunable laser (Agilent 81640A) from free-space to a resonator facet near the center of the device. The devices were mounted onto copper bars using an electrically and thermally conductive epoxy (H2OE-LV, Epoxy Technology, Billerica, Massachusetts), and onto a thermoelectric cooling (TEC) stage. The temperature was maintained at 20°C. We then imaged the output of the device using a high sensitivity InGaAs camera (Goodrich SU640SDV-1.7RT) to measure the transmission amplitude at each waveguide position. The waveguide positions could be readily identified from the nearfield image of the device; an example is shown in Fig. 6 (a). We investigated TE polarized light, which experiences more gain compared to the TM polarization [7] .
The devices were pumped with current pulses with a temporal width of 200 ns and a period of 10 s using a pulsed current source (HP 8114A). The integration time of the camera, of the order of milliseconds, was significantly longer than the pulse width and period, which automatically averaged the transmission amplitude. Laser action was observed in the devices, with a threshold peak current density around J th Ϸ 750 A / cm 2 , indicating that losses could be completely compensated. Figure 6 (b) shows a typical light-current curve.
RESULTS
For the transmission measurements, we operated the devices below threshold. For comparisons with theory, we used a transfer matrix method and set the field amplification for central 25 waveguides to be 534 cm −1 to simu- late the subthreshold regime, and the losses for the outer resonators to be 5.6 cm −1 to model the unpumped region [2] . The calculated normalized transmission spectra and group delay did not depend strongly on the specific value of gain we chose, as long as the calculations remained numerically stable. We did not include spontaneous emission into the transfer matrices. Figure 7 shows the transmission spectra for two devices with inter-resonator separations of 800 and 900 nm, resulting in per length coupling constants of l = 1.1 ϫ 10 −3 m −1 and l = 0.9ϫ 10 −3 m −1 , respectively. The spatial profile of the waveguide mode was calculated with a mode-solver. The input light was focussed onto the zeroth resonator. The amplitude of the injection current was 280 mA corresponding to approximately 0.7J th . For these plots, the spontaneous emission background in the absence of the input was subtracted from the measured amplitude. There is generally good agreement between the theoretical and experimental results. Since the spontaneous emission could be subtracted as a background, the noise was not dominated by the beating between the signal and the spontaneous emission. Figure 8 shows the transmission spectra for the devices at various values of pump current amplitudes without subtracting the spontaneous emission background. The theoretical group delay is included as well. The dotted lines in Figs. 8(a), 8(b) , 8(f), and 8(g) indicate the resonance wavelengths of a single resonator. The spectra are normalized to the maximum power at a current amplitude of 310 mA.
As evidenced by the plots, the transmission spectra vary strongly as a function of position and coupling strengths, and both peaks and notches can occur on resonance. The spectra at 280 mA are in the closest agreement with the theoretical calculations. The highest transmission amplitude does not occur at the band-edges but at the band-center even though the group delay is smaller. This can be understood from the arguments in [1] that a weak resonance is set up in the direction of periodicity because of the unpumped regions outside the contact, and the excitation source has varying magnitudes of spatial overlap with the modes of the structure. The group delay away from the band-center can be both positive and negative depending on the inter-resonator coupling strength. For lower loss resonators with a higher extinction ratio between the CROW band and the stop band, the anomalous group delays would occur at frequencies where the light is mostly attenuated. Because of the absorption outside the contact region, the transmission spectra do not exhibit sharp peaks.
Ideally, the transmission spectra at the various resonators should be symmetric about the excitation at N =0. However, the measured spectra are asymmetric, which is due to nonuniformity in the gain across the devices and the resonators. The nonuniformity can arise from the electrical contacts, slight errors in the lithographic alignment of the FOx overlay layer, as well as the gain material itself, which contributed to local bright spots in the devices. Figure 8 suggests that the SNR degraded rapidly as a function of the resonator position. Assuming that the noise was dominated by spontaneous emission only, and not by the beating between the signal and the spontaneous emission, the measured optical power was approximately the sum of the signal and the spontaneous emission background without the input signal. Therefore, where SNR opt is the optical SNR. The electrical SNR is given by ͉SNR opt ͉ 2 . Since we did not spectrally resolve the near-field images, the spontaneous emission power across the entire emission bandwidth of about 40 nm was collected. The noise figure can be determined by dividing the signal-to-total-source spontaneous emission ratio of the input laser source of about 27 dB by SNR opt . Figure 9 shows SNR opt at an injection current of 280 mA of the resonator array with an inter-resonator spacing of 800 nm for which the transmission spectra are shown in Fig. 8(d) . Because of the large measurement bandwidth, low input coupling efficiency, and the low quality factors of the resonators, SNR opt decreased to near zero after only a few resonators. Moreover, because of the resonant nature of CROWs, SNR opt depended strongly on the wavelength.
DISCUSSION
Our demonstration represents the first steps toward realizing active CROWs, illustrating a number of technical challenges in these devices. First, because CROWs ideally consist of a very large number of resonators, the fabricated device must be uniform over its footprint. This requires uniformity in the material, etching, and electrical contacts. Second, continuous-wave (cw) operation of these devices is desirable and would enable accurate measurements of the phase response or group delay of these structures. cw operation requires improved heat dissipation that should be achievable with buried structures and improved contact resistivity.
The SNR should be increased and the noise figure should be decreased for CROWs to be practical. While the Fabry-Perot resonator arrays with cleaved facets are the simplest to implement, a relatively low facet reflectivity of ϳ30% implies that these resonators possess high optical losses so that a high gain is necessary. High reflectivity mirrors, in the form of gratings, for example, can be incorporated to improve the quality factors of the resonators. Asymmetric cavity designs with unequal mirror reflectivity at the two facets can reduce the amount of measured spontaneous emission noise [8] . Higher input coupling efficiency would also improve the amount of signal power coupled into the CROW to increase the SNR. This can be achieved by incorporating input and output waveguides with mode converters much like microring CROWs or the proposed side-coupled Fabry-Perot CROWs [2, 9] .
Finally, since the introduction of gain allows for laser oscillation, an important question is whether CROWs should be operated above or below the laser threshold. There are benefits and disadvantages to both types of operation. Subthreshold operation is simpler to understand and model, but requires highly accurate fabrication to ensure that the resonators are identical to each other. Moreover, to suppress laser action in the CROW, the input and output coupling constants as well as the inter-resonator coupling strength should be large, which places a lower limit on the group velocity and net amplification that are attainable [1] .
Operation above threshold is more complicated to analyze because locking effects may come into play, but it can be more interesting fundamentally. Above threshold, the CROW can lock to the input signal and/or the resonators can lock to each other. Phase-locked laser arrays have been studied extensively both theoretically and experimentally for several decades [7, 10] . Phase-locking can occur even if the uncoupled elements are not exactly identical. The locking range, or the maximum allowed detuning for the uncoupled resonators, depends on the gain and the complex coupling coefficient between the resonators [10, 11] . In general, the stronger the coupling, the larger the locking range. By increasing the optical gain, the locking range can be increased, and thus a larger variation in the uncoupled resonator resonance frequencies can be tolerated. Therefore, a light pulse centered at the laser frequency can effectively propagate through a chain of identical resonators.
On the other hand, a CROW laser can also lock to the input signal through the process of injection-locking so the input changes the operation of the CROW itself [7, [12] [13] [14] . Injection-locking can be used to tune the resonance frequency of the array to or away from the central wavelength of an optical pulse to be propagated through the array. This may be a simple way to modify the dispersion of an input optical pulse to the array. Laser action can also clamp the gain, which may help in stabilizing the operation of an amplifying CROW much like gainclamped semiconductor optical amplifiers [15] [16] [17] .
CONCLUSIONS
In summary, we have measured the transmission spectra of electrically pumped Fabry-Perot resonator array CROWs fabricated in InP-InGaAsP. The devices could behave like lasers, indicating that losses could be completely compensated. The transmission spectra and the SNR were strongly dependent on the injection current and resonator position. The SNR of the devices degraded rapidly away from the input resonator. The devices can be improved through fabrication uniformity, lower loss resonators, and increased input coupling efficiency. We have also highlighted some possible avenues to operate laser arrays such as loss-compensated or amplifying CROWs.
